host and guest bears excellent selectivity. [5] On the other hand, the noncovalent interactions are sensitive to various influential elements in the surrounding environment, including light irradiation, [6] redox reactions, [7] pH variations, [8] competitive factors, [9] and chemical or biological interfering. [10, 11] Owing to the highly desired characteristics of host-guest systems comprising of supramolecular macrocycles and their guests, the dynamic nature of their molecular activities, the reversibility between assembly and disassembly, the particular intermolecular recognition and the responsiveness toward external stimuli, supramolecular host-guest systems become outstanding candidates as building blocks in the construction of nanoscaled smart materials with controllable properties, which are substantial in the research ranges of nanotechnology and materials science. Up till today, a number of host compounds, such as crown ethers, [12, 13] cyclodextrins (CDs), [14] calixarenes, [15] cucurbit[n]urils (CB[n]s), [16] [17] [18] and pillararenes, [19, 20] on account of their developed synthetic procedures, relatively high yieldings, numerous modification possibilities and tunability, [21, 22] along with their well-explored host-guest properties, [5] have been utilized to construct stimuliresponsive smart materials to serve as either supramolecular recognizing agents or the major building blocks for reversible artificial complexes. [1, 23, 24] An important use of macrocyclic compounds to create functional smart materials lies in the construction of controllable fluorescent systems. [25] In the literature, one can find considerable examples of fluorescent systems manipulated by supramolecular macrocycles through their distinctive inclusion complexation activities. [26] [27] [28] [29] The concept of aggregation-induced emission (AIE) was first proposed by Tang and co-workers in 2001, [30] demonstrating an unprecedented fluorescent phenomenon, which bears luminescent features in sharp contrast to the traditional aggregation-caused quenching (ACQ) that is typical for conventional organic fluorophores. While the ACQ effect stands as a major hindrance for the solidation of luminescent materials since luminophores with planar molecular structures undergo fluorescence quenching in aggregated state, dye molecules possessing unplanar conformations, on the contrary, are able to exhibit stronger emission upon aggregation according to the restriction of intramolecular motions (RIM) or rotations (RIR), which suppresses nonradiative relaxation and actuates the energy release through radiative pathway. [31, 32] Two essential elements of smart materials are their capabilities of responding to external stimuli and the specific recognition toward different targets, which renders supramolecular macrocycles an ideal type of building blocks for materials construction. Aggregation-induced emission (AIE) has been intensively investigated for two decades not only for the realization of solid-state fluorescent materials, but also for the fabrication of numerous functional luminescent materials for diverse applications. The discrepancy among aggregation states of AIE-active molecules would bear a big influence on the emission pattern; hence, manipulation of the assembly and control of the morphologies of materials with reversibility are of great importance and should be achievable via the incorporation of macrocyclic elements into AIE systems. In this review, the marriage of AIE and supramolecular macrocyclic chemistry is introduced, leading to smart functional materials with unique fluorescent properties, such as supramolecular polymers, supramolecular nanoparticles, and host-guest complexes on surfaces. Their diverse applications are discussed and perspective on this emerging research direction is also provided.
Introduction
The past three decades have witnessed the rapid development of supramolecular chemistry, which has drawn exclusive attention in both areas of chemistry and materials science, owing to the unique power of molecular recognition and self-assembly through noncovalent interactions. [1] [2] [3] An important aspect of supramolecular science lies in macrocyclic chemistry and host-guest chemistry. [4, 5] A typical host-guest system contains two major components-a macrocyclic host and a proper guest, forming an inclusion complex through various noncovalent intermolecular forces such as hydrogen bonding, hydrophobic forces, electrostatic interactions, metal coordination, π-π stacking, and van der Waals forces. [6] Due to the particular functional moieties required for the abovementioned interactions and the exclusive size-fit effect, the recognition between These fluorophores with enhanced emission after aggregation have been named AIEgens. Typically owning propeller-shaped configurations, the range of AIEgens comprises a series of fluorophores with rotor-like moieties, e.g., hexaphenylsilole (the first-discovered AIEgen), [33] tetraphenylethene (TPE), [34] 9,10-distyrylanthracene (DSA), [35, 36] and cyanostilbene. [37, 38] In the past eighteen years, researchers have threw much effort in the investigation for more comprehensive understanding of AIE mechanisms. [33, [39] [40] [41] In a recently published review, the molecular packing modes in the aggregation of both AIE and ACQ effects were concluded and analyzed, along with the elucidation of several influential factors for the packing modes and the relevant fluorescent performance, including the size of conjugated aromatic rings, the linkage positions of substituent functional groups, etc. [42] Meanwhile, beside the research focusing on the mechanisms, the design and synthesis of new AIEgens by means of exploring novel AIE-active molecules or modifying classical molecular structures has also been reported, producing a massive amount of AIEgens with new structures (such as phenyl-ring molecular rotors) [43] and derivatives of original AIE molecules, tuning the emission performances by modifying various substituents on their aromatic rings. [44] [45] [46] [47] [48] So far, the application of AIEgens in various research fields has been exploited, such as optoelectronic devices, [49] [50] [51] [52] cell imaging, [53, 54] fluorescent probes, [55] [56] [57] [58] [59] and chemotherapy. [60, 61] However, critical limitations of AIE-active materials must be noticed that the aggregations simply through solvent effects or the elimination of solvent lack controllability and necessary specificity of morphologies, which stand in the way for particular applications. In other words, the aggregation of the AIEgens can hardly be manipulated by altering external factors other than the solvent environment. Accordingly, dedications have already been made by researchers to improve the fluorescent properties and extend the range of application for the intrinsic AIEgens and the afforded materials. For example, AIEgens have been woven into hyperbranched polymers to produce various functional materials, such as fluorescent hyperbranched polymers, which possess multiple end groups on the periphery, serving as sensing sites and/or functioning positions, and the desired property of aggregation-induced enhanced emission (AIEE) for potential applications including bio-/chemo-sensors, drug delivery and probing. [62] However, although the combination of AIE-active fluorophores and hyperbranched polymers presents a nice resolution to the abovementioned drawback, the responsiveness of fluorescent hyperbranched polymers toward diverse external stimuli remains unspecific, and the structures of the materials also need to be optimized into comparably more elegant architectures.
Therefore, referring to the knowledge we have presented above, the introduction of macrocyclic chemistry into AIEactive systems would not only bring superb reversible properties by imparting unique stimuli-responsiveness feature, but also endow them with superior recognition abilities toward particular units. Researches have been carried out for the construction of synergistic complexes comprising AIEgens and supramolecular macrocycles. In 2014, Tang and co-workers made an excellent demonstration for host-guest interactions to be employed in an AIE activity acting as a restrictor of intramolecular rotations. [63] The underlying mechanism of the irradiative macrocycle-AIEgen complex is identical to RIM for AIEgens in the aggregated state, yet the complex turned out to be more advantageous in water solubility and biocompatibility so as to find application potential in cell imaging. In another work, crown ethers were recruited to adjust the aggregation events of AIEgens by forming rotaxanes. [64, 65] The designation and synthesis of AIEgen-containing catenanes have also been reported. [66] More remarkably, the concept of supramolecular self-assembly induced emission (SAIE) was brought out by Yang and co-workers for the first time via the fabrication of a pillararene-based supramolecular polymer with blue fluorescence in 2014, realizing the fluorescent activities analogous to AIE through the RIM effects endowed by host-guest interactions and supramolecular polymerization. [67] In 2017, Tang and co-workers participated in the writing of the book Comprehensive Supramolecular Chemistry II, contributing a chapter with an illustrative introduction of the synergistic combination of supramolecular macrocycles and AIE-active molecules. [68] With all the mentioned work dedicated in this field, it is of great significance that we make an across-the-board review on the synergistically designed supramolecular macrocycle-based AIE-active materials. In the following part of this review, we www.advopticalmat.de will focus on this newborn type of fluorescent materials via the marriage of the novel luminophore family of AIEgens and supramolecular macrocyclic compounds, and introduce the fabricating manners for different kinds of AIE-active materials based on macrocyclic chemistry, namely, supramolecular polymers or nanocomplexes, supramolecular nanoparticles and host-guest complexes on surfaces. Divergent constructing methods will be presented and scrutinized in a comprehensive scope with representative examples provided. Since this emerging class of controllable fluorescent smart materials just blossomed a few years ago, we hope to be able to cover the whole process of the research development.
AIE-Active Supramolecular Nanocomplexes/ Polymers
The most straightforward and efficient way for the construction of stimuli-responsive luminescent materials is to sew AIEgens into supramolecular polymers. Supramolecular nanocomplexes and polymers have been designed and prepared for the investigation on the mechanism on how the macrocycles affect the aggregation status of the AIEgens and further affect their fluorescence emission. Through rational yet relatively simple chemical modification of AIEgens, the aggregation/disaggregation activities of the modulated AIEgens could be manipulated by the assistance of the macrocyclic hosts and their guests via host-guest interactions. Plenty of relevant research works focusing on this approach have emerged in the last five years, providing practical constructing methods and guidelines for the design of controllable AIE-active fluorescent materials. In this section, we will introduce the supramolecular polymers or complexes exhibiting controllable AIE behaviors that have been mainly constructed with crown ethers, calixarenes, cucurbiturils, and pillararenes as specific binding sites for host-guest recognition and fundamental building blocks for the fabrication of reversible materials. Additionally, in the end of the chapter, we will elucidate the various binding patterns between AIEgens and macrocyclic host compounds as well as the mechanisms of the induced emission or enhanced emission.
AIE-Active Supramolecular Nanocomplexes/Polymers Based on Crown Ethers
A unique feature of crown ethers lies in the recognition toward particular metal ions or nonmetallic cations through coordination with the multiple oxygen atoms of crown ethers, and this characteristic is always taken into consideration in the design of functional materials. [69] In particular, with the metal ions acting as the linkage for the monomers containing AIEgens and crown ether moieties, supramolecular polymers can be fabricated with enhanced fluorescence, providing a potential approach for particular metal ion detection.
Zhang and co-workers reported the earliest application of crown ethers in the fabrication of AIE-active supramolecular polymers in 2012. [70] Benzo-15-crown-5 (B15C5) macrocycles were functionalized on the four arms of TPE molecules to afford a supramolecular fluorescent probe for K + (Figure 1a) , with the B15C5 moieties serving as recognition units. Two B15C5 groups coordinate with one K + , inducing crosslinking among the monomers, which is accompanied by the turned-on fluorescence originated from the AIE effect. By means of comparing fluorescence intensity of the AIE-active supramolecular polymers in the presence of a variety of metal ions including K + , the selectivity of the polymers as supramolecular probe on sensing K + against other cations was demonstrated to be good, owing to the particular coordinating type between 15-crown-5 and potassium ions. In 2014, Tang and co-workers designed an AIE-active supramolecular polymer with two monomers derived from TPE entities, one (TPE-DDBC) modified with dibenzo-24-crown-8 (DB24C8) and another (TPE-DBA) with dibenzylammonium (DBA) groups both on the opposite phenyl rings, serving as host and guest units, respectively (Figure 1b) . [71] Upon acidification of the system, the host-guest interactions between the two monomers was established, resulting in the formation of linear supramolecular polymers. The result of this study provided a representative illustration of SAIE, considering the fact that the emission of the polymer is attributed to the self-assembly of host and guest monomers that initiated the RIM of TPE units.
Employing the abovementioned method, a pH-responsive supramolecular polymer for Pd 2+ detection was fabricated by Yin and co-workers, consisting of TPE units with ended chains containing 1,2,3-triazole and DB24C8 functionalized on the opposite phenyl groups, and ditopic guest linkers with two DBA units. [72] Nanofibers of the polymer were obtained by electrospinning, which exhibited bright emission due to the SAIE mechanism. The 1,2,3-triazole units are able to recognize Pd 2+ through coordination, causing the emission to decline concurrently because of the energy transfer from TPE units to the ions (Figure 1c-i) . This supramolecular polymeric sensor also performed nice selectivity exclusive to palladium (II) in comparison to other metal ions (Figure 1c-ii) .
Beside the applications for ion sensing, the other aspect of crown ethers-based AIE-active supramolecular polymers is the construction of responsive light-emitting materials. Huang and co-workers reported a dual-responsive AIE-active crosslinking supramolecular gel obtained from the linkage of a poly styrene polymer with dialkylammonium salt groups connected by benzo-21-crown-7 (B21C7) modified four-armed TPE bridges via coordination susceptible to thermal and pH variations. [73] The gelation greatly enhanced the emission due to the RIR of TPE moieties, while the disassembly caused by heating or acidification led to fluorescence quenching. In another study, Zhang and co-workers constructed a hyperbranched AIE-active supramolecular polymer based on host-guest chemistry and metal-ligand coordinating interactions with enhanced fluorescence. [74] The two monomers were prepared by connecting DB24C8 and terpyridine with an alkyl sequence and decorating a TPE group with four DBA groups symmetrically. Just like the binding mode introduced above, the positively charged ammonium group could be included in DB24C8, making a four-armed host-guest complex. Upon addition of Zn(OTf) 2 in the system, Zn 2+ coordinated with two terpyridine moieties and thus built the linkage of two complexes. Interestingly, the quadruple host-guest complex did not exhibit strong fluorescence because of the ineffectiveness of restriction endowed on www.advopticalmat.de the TPE propellers. Yet after Zn 2+ were added, the emission of the system was enhanced according to the formation of supramolecular polymer. This AIE-active supramolecular polymer propelled by dual driving forces exhibited strong fluorescent emission and was capable of responding to various stimuli, including temperature changes, deprotonation/protonation of the ammonium units, the addition/removal of K + or Cl − , which would compete with the DBA moieties for the crown ether rings, [75] and the addition of 1,4,7,10-tetraazacyclododecane (cyclen) to rob the zinc ions.
In contrast to the aforementioned examples of the pHresponsive supramolecular polymers or complexes, a pH stable fluorescence resonance energy transfer (FRET) system has been constructed for mimicking light harvesting based on the host-guest interaction between crown-ether modified TPE as a FRET donor and boron-dipyrromethene (BODIPY) as the energy acceptor bearing benzylamino group and triazole unit as two binding sites. [76] FRET is an electrostatically intermediated energy transfer process. In an FRET process, the long-distance dipole-dipole interactions between the donor and acceptor cause the decrease of the fluorescence intensity of the former through transporting the energy to the latter, which is a significant step in photosynthesis. [77] In this work, TPE-containing host molecules were aggregated in a mixed solvent of THF and H 2 O (v:v = 1:9) and were able to form spherical nanostructures with bright emission in the aggregated state. Upon the formation of host-guest complex, energy transfer took place since the mutual distance between the FRET pair was appropriate, as demonstrated by the fluorescence titration experiment. The host-guest recognition between the FRET donor and acceptor were studied at different pH levels, and the result showed that the emission of the complex was stable against pH variation . Adapted with permission. [70] Copyright 2012, Royal Society of Chemistry. b) Illustration of the pH-responsive self-assembly via host-guest interaction, SEM images of the assemblies formed in the mixture of TPE-DBA and TPE-DDBC (1:1, in THF) treated with HCl-NaOH solutions (scale bar: 500 nm) and the corresponding FL images. A) Neutral THF solution; B,D,F) treated with 1.0 m HCl; C,E) treated with 1.0 m NaOH following steps (B) and (D), respectively. Adapted with permission. [71] Copyright 2015, Royal Society of Chemistry. c-i) Supramolecular polymers for Pd 2+ detection formed by TPE-(DB24C8) 2 and ditopic linkers, 350 nm fluorescence emission-irradiated photo of the electrospun supramolecular polymer nanofibers; ii) fluorescence spectra of the supramolecular polymer with different metal ions in solid state. Adapted with permission. [72] Copyright 2015, Royal Society of Chemistry.
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AIE-Active Supramolecular Nanocomplexes/Polymers Based on Calixarenes
The first demonstration for AIE-active supramolecular polymers based on calix[n]arenes was reported by Tian and coworkers, as in Figure 2a . [78] A pH-responsive host-guest based supramolecular polymer was fabricated with a host molecule, bis-p-sulfonatocalix [4] arene (BSC4), and a TPE derivative guest, 1,1,2,2-tetrakis(4-(pyridin-4-yl)phenyl)ethene, served as the basic building blocks for the polymerization. The construction method adopted the distinctive host-guest interaction of calixarene-induced aggregation (CIA), in which the inclusion effect of p-sulfonatocalix [n] arenes (SCnAs) causes decrease of the critical aggregation concentrations (CACs) of the guest molecules. [79] Therefore, the protonated pyridinyl linkers of guest molecules could be included into the calixarene cavities driven by the increased electrostatic forces in a phosphate buffer of pH 2, with the binding stoichiometry of 2:1 between the fourarmed guest and the ditopic host, leading to the aggregation of the TPE cores. This polymerization contributed to the significant enhancement of yellow fluorescence of the host-guest complexes in aqueous solution, providing state ON A. Notably, the alteration between the protonated and deprotonated states of TPE derivative guest of the solution played an important role in the host-guest recognition, resulting in the alteration of aggregation condition. In aqueous media, the addition of base led to the deprotonation of guest, which subsequently caused the disassembly of the AIE-active supramolecular polymer. In the deprotonated state, though no polymerization occurred, the guest molecules would aggregate in water on account of hydrophobicity, triggering the switching of fluorescence color from yellow to green, thus leading to state ON B. Apart from pH variation, solvent component also had a strong impact on the AIE performance. In a mixed solvent of H 2 O and THF (v:v = 1:1), no emission was observed upon addition of NaOH, giving the state OFF. The silence of fluorescence could be attributed to the nice solubility of the TPE-based guest in the mixed solvent. This construction approach based on CIA and AIE effects could offer a new strategy for creating novel supramolecular fluorescent materials with multiple stimuli-responsiveness.
Interestingly, in order to carry out an in-depth investigation on the concept of CIA, Liu and co-workers constructed a series of AIE-active supramolecular nanocomplexes in a similar way by employing the AIE behaviors of the complexes as a fluorescent indicator for the assembly in 2016. [80] Various binding modes were realized through the alteration of stoichiometry of SCnAs (n = 4-6) and TPE-derived guest molecules functionalized with one, two (on the opposite sites) or four quaternary or ternary ammoniums as end groups, as shown in Figure 2b . In comparison, several other typical macrocyclic hosts (CB [7] s, CB [8] s, α-CDs, and β-CDs) were also involved in the CIA of the TPE guests, and the results demonstrated that only the complex formed between SCnAs and TPE guests exhibited obvious fluorescent emission. This preference was ascribed to two factors: 1) the charge compensation between the positively charged guests and sulfonate units of the SCnAs hosts balances the electrostatic repulsion among the ternary ammonium groups in the cavity, which couldn't be achieved by the inclusion of the other two electrically neutral macrocycles; 2) the unique cone conformation of SCnAs bears superiority in the complexation with the guest moieties in the upper-rim to produce the 1:n host-guest complexes, contributing to the dense stacking of the TPE cores. In addition, another remarkable point is that whilst host-guest chemistry is able to assist the construction of AIEactive responsive materials, the AIE activities could conversely support the exploration of host-guest events. This quid pro quo nicely exhibits the synergistic manner in the cooperation of AIE effect and host-guest chemistry.
Following the previous studies and taking advantage of the host-guest chemistry of SCnAs, controllable luminescent materials, i.e., fluorescence-tunable hydrogels, have also emerged in recent years. Liu and co-workers reported hydrogels by the synthesis of water-soluble copolymers functionalized with supramolecular binding sites and modified fluorescent molecules, which exhibited enhanced blue and yellow emission following the identical mechanism of SAIE, while white light emission was achieved by means of energy transfer between the guest moieties. [81] The examples discussed above both utilized calixarenes as macrocyclic hosts, yet the attempts for broadening the scope of AIE-active supramolecular polymers had chosen CDs, cucurbiturils, and pillararenes as the host moieties. Despite the fact that comparing with calixarenes, the following types of macrocycles do not possess analogous properties as CIA, the nature of their host-guest binding modes still provides efficient and sometimes unique support for the AIEgens to function properly.
AIE-Active Supramolecular Nanocomplex Based on CDs
CDs have been employed in the manipulation of fluorescence for luminophores through host-guest interactions in several cases of research, [82, 83] yet the first combination of CDs and AIEgens was reported by Tang and co-workers in 2014 by constructing a CD-modified TPE molecule, which we will discuss in detail in Section 2.7. [63] In 2016, Gao and co-workers demo nstrated the fabrication of a multifunctional AIE-active nanocomplex, which possessed effective daylight-controlled antibacterial activity by producing reactive oxygen species (ROS) and bacterial detection capabilities (Figure 3) . [84] Arginine groups (Arg) and β-CDs were modified on the polyethyleneimine chains (PEI-CD-Arg), followed by the linkage of 4,4′-(1,2-diphenylethene-1,2-diyl)bis(1,4-phenylene)diboronic acid (TPEDB) through hydrogen bonding between boronic acid groups and the diol moieties of β-CDs. The positively charged arginine entities were able to interact with the bacterial surface electrostatically, disrupting the salt bridge of Ca 2+ and thus inhibiting the normal activities of the bacteria. Fluorescence enhancement arising from the aggregation of TPEDB units was observed by [78] Copyright 2014, Royal Society of Chemistry. b) Schematic illustration of CIA of TPE-based guest molecules by SCnAs (n = 4 and 6) and the disassembly by excess SCnAs. Reproduced with permission. [80] Copyright 2016, Royal Society of Chemistry.
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AIE-Active Supramolecular Polymers Based on CB[n]s
In 2015, CB [7] was introduced into a TPE-based AIE system as the inhibitor of rotation to yield a fluorescence-enhanced hostguest complex. [85] The CB [7] ring was confirmed by 1 H NMR titration experiments to have included the ethyl quaternary ammonium groups attached to the TPE entities, thus efficiently restricted the intramolecular rotation of the phenyl groups and opened the radiative decay channel at the same time. The stimulus of competitive binding was also tested and the complex underwent disassociation with obvious fluorescence quenching upon the introduction of the functional group, 1-adamantanamine hydrochloride, as the competitive binding agents.
Due to the inherent nature of host-guest chemistry for CB [8] to form 1:2 complexes by hosting two electrically complementary moieties into their cavities, several AIE-capable supramolecular polymers or nanocomplexes with 2D structures were reported in succession, fabricated on the basis of the host-guest properties of CB [8] . For instance, a supramolecular hyperbranched polymer with enhanced fluorescence was constructed by Zhou and co-workers, where naphthyl-substituted TPE monomers were connected by CB [8] taking two naphthyl groups into its hydrophobic pocket. [86] Interestingly, Zhao and co-workers reported a 2D supramolecular organic framework (SOF) in aqueous solution formed through host-guest interaction between CB[8] and 4,4′-bipyridin-1-ium modified fourarmed TPE (TPE-(BP) 4 ), with two 4,4′-bipyridin-1-ium groups included in one CB [8] cavity (Figure 4a) . [87] While the formation of the SOF layer triggered the fluorescent emission via AIE in H 2 O, apparent fluorescence enhancement was observed upon the addition of THF, attributing to the aggregation among SOF monosheets from the poor solubility of the single layer assemblies in organic solvent. In this way, the host-guest system underwent a stepwise process of fluorescent enhancement.
In another study in 2016, Liu and co-workers fabricated a photoresponsive crosslinked polymer, [88] consisting of a TPE unit with 1,1-dimethyl-4,4-bipyridinium dication (DMV 2+ ) on four arms, a ditopic linker with azobenzene groups on each end and CB [8] , forming a ternary host-guest complex ( Figure 4b ). Since the azobenzene group and positively charged DMV 2+ entity are electrically complementary, their stacking in the CB [8] . [87] b) Chemical structures and cartoon demonstrations of DMV 2+ -functionalized TPE, azobenzene-containing guest linkers and CB [8] , the photo-controlled assembly and disassembly of cross-linked supramolecular polymers, and SEM images of each state. Adapted with permission. [88] Copyright 2016, Royal Society of Chemistry.
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to polymer formation and fluorescent emission. However, upon irradiation by UV light, the azobenzene group could transform from trans-state to its cis-state. The photoisomerization process directly caused the disaggregation of supramolecular polymer due to the breakage of ternary host-guest complex, thus turned off the aggregation-induced fluorescence.
In 2017, a [2] rotaxane with a CB [10] wheel and a TPE-ended axle was reported, [89] demonstrating a different constructing strategy for AIE-active luminogen. Two TPE entities were connected by a positively charged 4,4′-bipyridine chain, offering an axle with two stoppers, which was encapsulated in the cavity of CB [10] through the noncovalent forces of CO⋅⋅⋅N+ ion-dipole interactions in DMSO after being heated at 95 °C. The inclusion effect on the axle efficiently imparted rotational restriction on the TPE moieties and turned on the fluorescent emission. Then AIEE was triggered upon addition of poor solvent for the [2] rotaxane into the system.
As another type of AIE-active molecules, cyanostilbene has also been utilized in the construction of functional fluorescent supramolecular polymers in cooperation with cucurbiturils. [90] Cyanostilbene and its derivatives have been investigated as a novel type of π-conjugated molecules with "twist elasticity" behaviors according to their inherent molecular structures, which powerfully support the attainment of AIE in the assembled states. In 2018, An and Park, who also discovered the AIE properties of cyanostilbene and its derivatives, [37] reported a new system of supramolecular block copolymers for photosynthesis mimicking (Figure 5a) . [91] Four types of cyanostilbene derivatives (represented as B, G, Y, R) were included by CB [8] , respectively, via a two-step process, forming supramolecular homopolymers (SHPs) with a host-guest ratio of 1:1. Owing to the slip stacking mode (J-aggregation) among guest monomers (Figure 5c ), the afforded homopolymers performed apparent fluorescence enhancement with four different colors due to the AIEE effect (Figure 5b ), according to the dramatic increase in the average lifetimes (τ F ), quantum yields (Φ F ), radiative decay rates (k r ), and nonradiative decay rates (k nr ) comparing to their monomers (Figure 6b) . The 1D SHPs later aggregated into 3D nanobundles, which could be dispersed in water stably without precipitation for months. Furthermore, color tunable nanobundles were obtained in aqueous solution by simply mixing SHPs of B@CB [8] and R@CB [8] , owing to their large spectral overlap compared with other duets out of the four complexes, an important prerequisite for energy transfer. [92] Upon the gradual addition of R@CB [8] , the fluorescent color of the mixed solution was progressively tuned from blue to red, with the PL intensities and CIE chromaticities providing the evidences (Figure 6c ). In regard to the structure of the nanobundles, four different assembly modes were predicted rationally and a remarkable process of analysis was carried out (Figure 6a ). Referring to the well-investigated dynamics of FRET, the donor-acceptor distance is an important influential factor in the energy transfer rate. However, the altered concentration of the mixture did not implement any deceptive changes in the PL spectra, so Case 1 could be eliminated. According to the slight change in the UV-vis spectra, Case 3 was considered to possess higher preference than Cases 2 and 4, since the latter two types of assemblies would cause either no alteration or large disparities for the Adapted with permission. [91] Copyright 2018, Wiley-VCH.
www.advopticalmat.de absorption peaks, respectively. The much higher binding constant of R@CB [8] in comparison with B@CB [8] also supported the structure in Case 3, indicating the occurrence of dynamic guest exchange (Figure 6d ). The intensely enhanced emission induced by the aggregation and efficient energy transfer activity of the supramolecular block copolymers endowed this type of AIE-active supramolecular materials outstanding properties for light harvesting and photoluminescent applications.
AIE-Active Supramolecular Polymers Based on Pillararenes
Pillar[n]arenes are an emerging type of macrocyclic host compounds that are frequently recruited in the construction of luminescent supramolecular polymeric materials. Hitherto, a number of AIE-active host-guest polymers based on pillararenes have been reported since 2014 for either fundamental study or specific applications. In 2014 and 2015, our research group reported two types of AIE-active supramolecular polymers successively based on the host-guest recognition of pillararenes. [67, 93] After modifying two representative AIEgens (TPE and DSA) with pillar [5] arene (P5) to give TPE-bridged P5 tetramer (TPE-(P5) 4 ) and DSA-bridged P5 dimer (DSA-(P5) 2 ) (Figure 7a,b) , we further fabricated two host-guest systems with enhanced blue and yellow fluorescence, respectively, by constraining the intramolecular motions through supramolecular self-assembly and polymerization between the AIEgencontaining host molecules and neutral guest linkers. Both of the supramolecular polymers depolymerized in response to elevated temperature, as visualized by the degradation of the supramolecular gels (Figure 9e-i-v) .
Wang and co-workers functionalized P5 rings onto TPE molecules to obtain a fluorescent crosslinking aggregates mediated by host-guest recognition with suitable guest linkers. [94] The addition of competitive binding agents caused the disassociation of host-guest complex. Therefore, the emission of the www.advopticalmat.de system experienced "turn-on" and "turn-off" upon the introduction of guest linkers and competitive agent in sequence.
Based on our previous work, we made a further attempt to fabricate a dual-stimuli-responsive supramolecular polymer with switchable fluorescent property, comprising of a diselenium-connected P5 dimer, SeSe-(P5) 2 , and a TPE guest with two imidazole-ended arms functionalized on two adjacent phenyl rings connected to one carbon atom of the AIE-active molecule, TPE-(Im) 2 , as depicted in Figure 7c . [95] The addition of reductant, dithiothreitol (DTT), and the competitive agent, adiponitrile, could both cause the depolymerization of the supramolecular polymers, but via two distinct mechanisms, i.e., breaking the Se-Se covalent bonds and/or destroying the host-guest supramolecular interactions. Remarkably, in contrast to all the examples provided above, the polymerization of the monomers led to a decrease of fluorescence intensity. The rational explanation of this phenomenon is that the intramolecular rotational motions of the unmodified phenyl groups were not restricted in chloroform while the modified ones were locked due to the host-guest interactions. Therefore, even more energy was required for rotation, severely blocking the radiative decay pathway. The introduction of dynamic covalent bonds into the host-guest system added another stimulating factor to the responsiveness of the material, so the polymer disassociated in the presence of either reductant or the competitive agent and exhibited fluorescence recovery simultaneously. This strategy of fabricating supramolecular polymers offers a unique pathway for responsive luminescent materials construction, bearing the possibility of unearthing potential applications.
Apart from the basic study that we have covered above, endeavors have also been made in particular aspects of applications. In a study by Huang and co-workers, [96] electron-rich naphthyl groups and electron-deficient paraquat units with alkyl chains in the same length were functionalized on the four phenyl rings of TPE molecules, respectively, making two TPE derivatives, i.e., TPE-NP and TPE-PQ. Because of charge . Adapted with permission. [67] Copyright 2014, Royal Society of Chemistry. b) Linear supramolecular polymers formed by DSA-bridged P5 dimer and guest linkers. iii) SEM image and iv) fluorescent image of the polymers. Adapted with permission. [93] Copyright 2015, Royal Society of Chemistry. c) Dual-responsive supramolecular polymers formed by SeSe-(P5) 2 and TPE-(Im) 2 and the fluorescent images of the polymers without stimuli (v), in the presence of DTT (vi), and upon addition of adiponitrile (vii). Adapted with permission. [95] Copyright 2017, American Chemical Society.
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transfer interactions induced by the complementary electronic characteristics, TPE-NP and TPE-PQ self-assembled into a 1D nanorod in aqueous solution with a face-to-face packing mode so as to avoid the hydrophobic TPE cores from being exposed to the aqueous ambience. In order to reduce the toxicity of paraquat derivatives, WP6 was utilized to wrap the PQ groups of TPE-PQ by forming a four-to one host-guest complex. Cell experiments in both normal cells and tumor tissues confirmed the efficiency of WP6 for depressing the generation of superoxide by PQ. The supramolecular system containing the three components of WP6, TPE-NP, and TPE-PQ was applied in cancer cell imaging, for the relatively acidic environment in cancer cell cytoplasm would protonate WP6 so that TPE-PQ dethreaded from its cavity and assemble with TPE-NP, leading to the AIE effect and lighting up the tissue. It is worth mentioning that they continued their work by updating the material style from the simple host-guest assemblies to supramolecular nanoparticles with more sophisticated structures, yet that will be discussed in the next chapter, where we will focus on discussing supramolecular nanoparticles constructed with AIEgens and supramolecular macrocyclic building blocks.
Most recently, our research group discovered a novel type of conjugated macrocycle polymers (CMPs) with fluorescence properties, fabricated with TPE interwoven into the backbones with P5 moieties (Figure 8) . [97] Connected with ethynylene groups and the electron-rich P5 cavities, the rigid π-conjugated structure of the whole system was largely stabilized, which contributed significantly to the fluorescence emission. Considering the tailored pillararene-containing intrinsic porous structure, www.advopticalmat.de the exclusive sensing specificity of the CMPs toward Fe 3+ was discovered and investigated. Among a large collection of cations and anions, Fe 3+ was only able to quench the inherent fluorescence of the polymer to a large extent with the quenching rate being 92.9%. With the evidence that fluorescence recovered after Fe 3+ was washed away, the selection process was proved to be reversible. Small organic molecules such as 4-amino azobenzene could also be detected with a dramatic fluorescence quenching at a rate of 98.5%. The nice reversibility and stability against photobleaching of the CMPs rendered this novel type of polymeric porous materials a competitive candidate for applications in solid-state fluorescence sensing agents. Comparing with the cases in the covered part, the method of covalently linking pillararenes with AIEgens have achieved the manipulation of fluorescence in a different pathway, which we will discuss in detail in Section 2.7.
Having presented AIE-active supramolecular polymers formed by macrocycle-modified AIEgens as building blocks and AIEgen-containing CMPs, there remains an uncovered topic in the scope, namely, AIE-active supramolecular polymers with macrocyclic hosts as side chains. Recently, Huang and co-workers reported a supramolecular crosslinked polymer network fabricated with TPE groups as backbones, which exhibited AIEE characteristics, based on host-guest recognition of P5 rings. [98] Apart from the stimuli-responsiveness toward temperature and competitive agents, the polymer network could undergo fluorescence quenching upon addition of explosive nitroaromatic compounds in both solution and the solid state (thin film), attributing to the interactions between TPE cores and the electron-deficient nitroaromatics.
AIEgens in Combination with Other Macrocycles
Besides the aforementioned supramolecular macrocycles, some other types of macrocyclic compounds have also been involved in the collaboration with AIE-active groups for the realization of various novel functionalities. Interestingly, in some related studies, the infrequently investigated macrocycles are not utilized as supramolecular binding sites, as is always the case in most previous work; instead, it seems that researchers prefer to synthesize novel types of macrocycles with AIEgens inserted into their molecular structures. For example, Zhang et al. [104] Copyright 2014, American Chemical Society. b) Intramolecular restriction of CD on the TPE moiety covalently connected together. Reproduced with permission. [63] Copyright 2014, Royal Society of Chemistry. c) The formation of a pseudorotaxane with WP6 threaded onto the arms of TPE-derivatives. Reproduced with permission. [9] Copyright 2014, Royal Society of Chemistry. d) Host-guest complexes formed between MSP5 and TPE-(Br) 4 . Adapted from CC-BY open access publication (Creative Commons Attribution 4.0 Unported License, 2018). [105] e) AIE-active supramolecular polymers driven by host-guest interactions. i-v) Photos of concentrated solutions of TPE with single P5 and guest, TPE without P5 and guest, individual TPE-(P5) 4 , individual guest, and mixture of TPE-(P5) 4 and guest (gelation). Reproduced with permission. [67] Copyright 2014, Royal Society of Chemistry.
www.advopticalmat.de synthesized a TPE-based expanded oxacalixarene (a calixarene with its carbon linkages replaced by oxygen). [99] Bearing typical AIE characteristics, the conformation of the oxacalixarene could be adjusted by encapsulated guests (tetrahydrofuran or benzene), resulting in different supramolecular grid structures in the solid states, showing potential application as a fluorescent host molecule in supramolecular chemistry. In 2015, Tang and co-workers reported the synthesis of a TPE-based macrocycle with illusory molecular conformation similar to Penrose stairs with AIE properties by connecting two TPE molecules with two ethynylene moieties. [100] Subsequently, Yan et al. reported a family of TPE-based organoplatinum(II) metallacycles with hexagonal architectures through formation of supramolecular coordination complexes in 2015. [101] Presenting AIE activity in the condensed state and capacity to interact with electron-deficient molecules, this type of artificial metallacycles is able to selectively detect nitroaromatics accompanies by apparent fluorescence decrease, demonstrating its great potential in explosive sensing. Analogously, in another study, fused metallacycles were fabricated with TPE immobilized in the complexes, which could also exhibit fluorescent emission both in dilute solution and the condensed state. Different conformations of the metallacycles exhibited diverse AIE behaviors in the two states, indicating the importance of the molecular shapes. [102] In 2016, Liu and co-workers covalently decorated a porphyrin macrocycle, a natural and inherently fluorescent macrocyclic compound, with four TPE moieties as arms, successfully converting the ACQ properties of the porphyrin groups to AIEE characteristics. [103] With TPE groups imparting steric hindrance on and donating energy toward porphyrin cores, ACQ effects were efficiently suppressed due to the prevention of π-π stacking, meanwhile AIEE was observed in the aggregated state.
Impacts of Host-guest Interactions on AIE Activities
Having provided the previously reported AIE-active fluorescent polymeric materials or nanocomplexes containing host-guest building blocks with the most fundamental supramolecular architectures, herein we elucidate and make a summary on the divergent underlying mechanisms that different binding modes of host-guest systems had taken on to affect the AIE properties.
The aggregation pattern of AIEgens induced by CIA effects, comparing to other AIE-active host-guest complexes, is most similar to that of a common AIE activity, since intermolecular stacking functions as the main contributor for the restrictions on motions of the propeller-shaped π-conjugated molecules in both situations (Figure 9a) . [104] In other words, the inclusion of calixarenes put the AIEgens in the proper place for stacking. Beside the characteristics of controllability and reversibility, CIA also offers stronger driving forces for the AIEgens to aggregate under a lower concentration.
Another important approach to trigger AIE with hostguest interactions is to thread the functionalized linkers of AIEgens into the cavity of supramolecular macrocycles, forming self-inclusion or host-guest inclusion complex including pseudorotaxanes. Instead of aggregation of fluorophores, the threaded macrocyclic hosts act as the restrictors for the inherent rotations of the AIEgens. CD-modified TPE luminogens based on intramolecular host-guest inclusion was reported by Tang and co-workers in 2014 as a proof-ofconcept study with the formation of self-included structure (Figure 9b ). [63] Through a simple synthetic procedure of esterification, α-, β-, and γ-CDs were functionalized with TPE groups. Both TPE-α-CD and TPE-β-CD exhibited strong fluorescence enhancement in comparison with TPE at the same concentration, attributing to the inclusion of one phenyl ring into the cavity of CDs; Yet TPE-γ-CD remained unlightened, according to the relatively large crack of γ-CD. With a simple molecular model, this study demonstrated the RIR effect of the macrocycles on the AIEgens in dilute solution. In successive work, supramolecular complexes with pseudorotaxane structures have been constructed with identical stratagem. For example, in 2014, Huang and co-workers reported AIEactive nanocomplexes with water-soluble pillar [6] arene (WP6) as a rotational restrictor for a four-armed TPE derivative by host-guest inclusion (Figure 9c ). [9] Paraquat was involved in the system as the competitive agent and the detecting target as well, quenching the fluorescence by robbing WP6 away from the host-guest complex. Interestingly, our research group reported the fabrication of a supramolecular complex with enhanced blue fluorescence, comprising of a TPE molecule with four bromine-ended guest linkers (TPE-(Br) 4 ) and four newly synthesized monosulfonicpillar [5] arene (MSP5), which showed responsiveness toward competitive agents (alcohol analogs and ethylenediamine) and temperature changes (Figure 9d ). [105] Therefore, there is no actual aggregation of the AIEgens occurring in the supramolecular complexes; but instead, the restricting factor for the intramolecular rotation is merely the threaded macrocycles via hostguest interactions. The combination of AIEgens and macrocycles succeeded in breaking through the long-existing limitation of AIEgens that their emission could only be achieved by the evaporation of solvents or adding poor solvents, which would definitely broaden the practical application range including bioimaging and fluorescent sensors in an aqueous environment, since the luminescence could also be guaranteed in solution instead of merely in the solid states.
Apart from single molecular models of macrocycle-AIEgen or AIE-active supramolecular complexes, basic demonstrations of the combination have been performed in the constructions of supramolecular polymers with macrocycle (or guest) functionalized AIEgens and proper linkers. In comparison with the two scenarios above, AIE-active supramolecular polymers, as bulky materials, are able to present tunable AIE properties both in solution and the solid states (e.g., gelation) with highly crosslinking structures, such as the AIE-active supramolecular polymers fabricated with TPE-(P5) 4 (Figure 9e) , [67] which means that AIE activities in solidified conditions can also be responsive to given external stimuli. In comparison, TPE entities functionalized with one P5 or without P5, which were not able to form supramolecular polymers, didn't perform as much enhancement as TPE-(P5) 4 did (Figure 9e) . Apparently, the supramolecular elements not only support the restriction and connection of the AIEgens to afford enhanced fluorescence, but also bestow the complexation with functionalities of controlling the emission in the two phases of solutions and gels.
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AIE-Active Supramolecular Nanoparticles
In recent years, AIE-active supramolecular nanoparticles have drawn considerable attention in the sphere of chemistry and bionanotechnology as an emerging type of materials with outstanding properties such as stimuli responsiveness, strong capability of cargo loading, switchable fluorescence properties, good biocompatibility, and biodegradability, making them brilliant candidates for diagnostic and therapeutic applications. Herein, we introduce the AIE-active supramolecular nanoparticles based on macrocyclic compounds with host-guest interactions as the driving forces, the control switches, and the recognition agents to take on their particular effects under different circumstances. In this part, AIE-active supramolecular nanoparticles constructed with supramolecular building blocks including calixarenes, CDs, pillararenes, and CB[n]s will be illustrated, along with their potential applications in several aspects, such as drug/gene delivery, bioimaging and heavy metal ion detection.
AIE-Active Supramolecular Nanoparticles Based on Calixarenes
Taking advantage of the unique CIA effect of SCnAs introduced in Section 2.2, Liu and co-workers reported self-assembled organic nanoparticles in aqueous solution with photomodulated fluorescent properties (Figure 10) . [104] In this study, a quaternary ammonium-modified TPE molecule (QA-TPE) was synthesized, with the alkylammonium groups serving as guest linkers for the SC4A (or bisSC4A) hosts. QA-TPE, as a bolaamphiphile, would self-aggregate in aqueous media at high concentrations, but was found to assemble into organic nanoparticles with high intensity of fluorescence under a comparatively lower CAC upon the addition of host molecules. Because of the photocyclization of QA-TPE upon irradiation by UV light, the original TPE unit was converted into a relatively more planar π-conjugated structure, diphenylphenanthrene (QA-DPP), which exhibited strong fluorescence in a dispersed state, owing to the intramolecular restriction imparted by the C-C single bond connecting the two adjacent phenyl rings. In contrast, for the supramolecular nanoparticles comprising of QA-TPE and SC4A (or bisSC4A), the UV irradiation caused the system to undergo severe ACQ by transforming the AIE-active guest molecule into a complanate conformation. Therefore, the fluorescence of this series of AIE-active supramolecular nanoparticles was manipulated by both CIA and UV irradiation. On one hand, the emission of QA-TPE could be switched on when host molecules, being sulfonatocalixarenes exclusively, were added and thus induced the AIE effect. On the other hand, UV light irradiation caused the photocyclization of the AIEgen, [104] Copyright 2014, American Chemical Society.
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leading to the fluorescence declination of the corresponding nanoparticles. The dual-stimuli modulated fluorescence of the discussed AIE-active supramolecular nanoparticles is highly desirable for functional luminescent materials and may find potential applications in fluorescent probe and logic gates.
AIE-Active Supramolecular Nanoparticles Based on CDs
Comparing with other macrocycles, CDs, being relatively more biocompatible and less toxic, are more frequently used in the construction of supramolecular nanoparticles for biological applications. In 2015, Shen and co-workers capped the adamantane (AD) terminals of modified TPE units with β-CD to yield an amphiphilic supramolecular complex, which self-assembled into nanoparticles with the host-guest pairs on the outer shell and the TPE groups in the core. [106] Endowed with nice water-solubility and biocompatibility, the assembled AIE-active supramolecular nanoparticles were applied in cell imaging. Afterward, they promote fabricated TPE-based polymeric nanoparticles for bioimaging weaved by host-guest interactions of β-CD/AD. In another study, Liu and co-workers reported the construction of an AIE-active supramolecular nanoparticles consisting of two components connected by host-guest interactions between TPE-bridged β-CD tetramers and adamantyl-grafted hyaluronic acids. [107] The spherical-shaped nanoparticles bore not only enhanced fluorescence but also the capacity of loading anticancer drug, doxorubicin (DOX). Doubtlessly, the above examples were representative in the endeavors for the materialization and real applications of the tailored AIE-active supramolecular complexes. Nevertheless, to make a further step, complicated AIE-active supramolecular nanoparticles systems with more specific functionalities are required to be constructed. Meanwhile, the responsiveness of the materials toward multiple external stimuli is in urgent need as well for a broader range of applications.
In a similar manner, Zhu and co-workers succeeded in the fabrication of dual-responsive AIE-active supramolecular nanoparticles for gene delivery and bioimaging susceptible to the pH alteration and light irradiation (Figure 11) . [108] The hostguest interaction between N,N-dimethylethylenediaminefunctionalized β-CD and the AD-modified dimethylaminoazobenzene guest served as the driving force for the formation of a supra-amphiphile with one side hydrophilic and the other side hydrophobic. Self-assembly occurred among these amphiphiles into the morphology of core-shell nanoparticles,
Adv. Optical Mater. 2018, 6, 1800668 Figure 11 . Schematic representation of the AIE-active supramolecular nanoparticles formed by the self-assembly of a supramolecular amphiphile through host-guest interactions of CDs, and its pH-or visible light-triggered pDNA release and fluorescence quenching behaviors. Reproduced with permission. [108] Copyright 2014, Royal Society of Chemistry. www.advopticalmat.de which were able to condense plasmid DNA (p-DNA) into the hydrophilic outer layers and exhibit fluorescent emission due to the aggregation of the DMA-Azo groups in the core. The AIE-active supramolecular nanoparticles are stable in aqueous solution for at least three months, however, when experiencing the declination of pH value of the ambience, disassembly of the AIE-active supramolecular nanoparticles was observed via TEM, resulting from the protonation of the tertiary amine and the concomitant stronger electrostatic repulsive forces among the supra-amphiphiles. Meanwhile, the same phenomenon emerged when the nanoparticles were exposed to visible light at a wavelength of 450 nm for up to an hour, on account of the photoisomerization of trans-to-cis conversion of DMA-Azo units, which led to the enhanced hydrophobicity of the core by exposure of the nitrogen atoms, and increased steric hindrance for the packing. So the AIE-active supramolecular nanoparticles realized the functionalities of gene transportation and cell imaging instantaneously upon either stimulus. Both the delivery and fluorescent properties were tested and confirmed by gene delivery experiments and fluorescence microscopy.
Loh and co-workers reported the AIE-active CD-based micelles for cell imaging (Figure 12) . [109] TPE groups were functionalized by polyethylene glycol (PEG) units on two adjacent phenyl rings linked to one carbon atom, which formed micelles in aqueous solution because of the amphiphilicity of the TPE derivative (Figure 12a ). The aggregation of the TPE cores upon the micelle formation served as the main cause of the enhanced emission. When α-CD was added into the system, the macrocycles were threaded on the PEG chains via host-guest interactions, affording pseudorotaxane structures and forming nanocylinders or rod-like tubes due to the hydrogen bonding between the threaded α-CD units. Thus the afforded micelles presented 12 times brighter fluorescence according to the extra restriction on the intramolecular rotations of TPE given by the α-CD nanocylinders in the periphery. The cell imaging experiments were also conducted, depicting the enhancement of fluorescence and the biocompatibility of the materials as well (Figure 12b ).
Adv. Optical Mater. 2018, 6, 1800668 Figure 12 . Schematic illustration of self-assembly of a) AIE micelles and b) pseudorotaxane solution consisting of CD-unimers and CD-micelles. c) Confocal laser scanning microcopy images of cellular uptake of TPE-PEG 2 by A549 cells (scale bar 10 µm). A549 cells seeded on coverslips were treated with 2 mg mL −1 of TPE-PEG 2 or a mixture of TPE-PEG 2 and α-CD (2 mg mL −1 each) for 4 h at 37 °C. Untreated cells served as control (NT). Rhodamine-phalloidin was used to counterstain the cells for visualizing cellular morphologies (red) and DRAQ5 for nuclei staining (purple). Adapted with permission. [109] Copyright 2017, American Chemical Society.
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Beside biological applications, AIE-active supramolecular nanoparticles based on CDs have also been designed for the purpose of light harvesting. In 2017, Liu and co-workers demonstrated a supramolecular light-harvesting system involving FRET-capable AIE-active supramolecular nanoparticles with sulfato-β-CD (SCD) as host moieties, an oligo(phenylenevinylene) derivative (OPV, a type of AIEgens) and Nile red dye. [110] Similar to the example of CIA mentioned above, supramolecular nanoparticles were afforded, comprising of multilayer aggregates via host-guest interactions between one SCD entity and several OPV moieties, performing bright yellow emission in water due to AIEE effect (Figure 13 ). Upon addition of Nile red, the dye molecules were loaded with the layers of the assemblies in the interior of the AIE-active supramolecular nanoparticles driven by hydrophobicity though the amount was small, since no interactions between SCDs and Nile red existed. Efficient FRET effects took place as the energy was transferred from OPV to Nile red at a donor/acceptor ratio of 1500:1 with the transfer efficiency as high as 72%, switching the emission peak from 540 to 630 nm and the fluorescence color from yellow to red, showing potential in artificial light harvesting materials. Another work with similar mechanism was reported by Wang and co-workers, using WP6 as host, a salicylaldehyde azine derivative as guest, and two different fluorescence dyes, i.e., Nile red and EosinY, being loaded into the layers as energy acceptors. [111] 
AIE-Active Supramolecular Nanoparticles Based on Pillararenes
Pillararenes have also been used as the macrocyclic receptors in AIE-active supramolecular nanoparticles owing to the versatile possibilities of functionalization and unique host-guest properties. In the past few years, several complicated AIE-active supramolecular nanoparticle systems have been constructed with tailored functions for applications in biomedicine and environment protection.
As we have mentioned in Section 2.4, based on the construction of two AIE-active host-guest complexes, Huang and co-workers constructed an AIE-active [2] rotaxane with P5 for mitochondria staining and real-time monitoring of anticancer drug delivery (Figure 14) . [11] With a TPE entity and a triphenylphosphonium unit as two stoppers and a P5 macrocycle as the wheel threaded on the axle, a [2] rotaxane (R1) was synthesized with brighter fluorescence emission comparing to the single-axle molecule due to the RIR of TPE. The anticancer drug, DOX, with a planar conjugated molecular structure, Adv. Optical Mater. 2018, 6, 1800668 Figure 13 . Schematic illustration of light-harvesting AIE-active supramolecular nanoparticles based on host-guest interactions between SCD and OPV and FRET between OPV and Nile red. Reproduced with permission. [110] Copyright 2017, Wiley-VCH.
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was covalently connected to the P5 wheel (R2) by imine bonds and consequently located in proximity to TPE. As a result, the newly-formed R2 suffered intense decline of the emission due to the energy transfer from TPE moiety to DOX. With quenched fluorescence, R2 self-assembled into nanoparticles with an average diameter of 50 nm after dispersion into aqueous solution. In the cytoplasm, the underwent hydrolysis in endo/lysosomes of the imine bonds, thus releasing DOX and recovering the fluorescence of the [2] rotaxanes. On account of the particularly negative mitochondria membrane potential, the triphenylphosphonium groups on the end of the [2] rotaxane were able to recognize the organelle specifically by electrostatic forces and subsequently light up the particular spot with the regained fluorescence.
On the basis given above, they subsequently reported the construction of another type of amphiphilic supramolecular block copolymers with TPE and 4,4′-bipyridinium derivative moieties grafted onto the polymer backbone alternately while 4,4′-bipyridinium entities bound to PEG-Biotin functionalized P5 via host-guest interactions. [10] The supramolecular block copolymers later self-assembled into AIE-active supramolecular nanoparticles, demonstrating that the AIE effect was resulted from the aggregation of TPE in the hydrophobic interior. With the DOX molecules encapsulated into the AIE-active supramolecular nanoparticles, the fluorescence emission decreased on account of the energy transfer from TPE to DOX and the inherent ACQ effect of DOX, which was finally exhibited as dual-fluorescence quenching. With the presence of the intracellular reductase NAD(P)H, the 4,4′-bipyridinium derivative was reduced from a bicationic entity to a radical cationic state, which diminished the association constant between them and P5 by two orders of magnitude. Hence, the host-guest pair was detached, leading to the removal the hydrophilic part, the dissociation of the supramolecular nanoparticles, the release of DOX, and the recovery of the original fluorescence. So, the whole process, including the formation of the AIE-active supramolecular nanoparticles, the drug loading and the on-command release, was thoroughly and observably monitored.
Similar work was reported in 2017, in which AIE-active supramolecular block copolymers based on CB [8] was fabricated taking advantage of the 1:2 inclusion of CB [8] macrocycles. [112] The supramolecular block copolymers (PTPE) containing TPE [11] www.advopticalmat.de assembled into the morphology of supramolecular nanoparticles due to the formation of 1:2 host-guest pairs between CB [8] and 4,4′-bipyridinium derivative modified on the side chains of the supramolecular block copolymers and PEGylated naphthol (PEG-Np). With the existence of intracellular reducing agent NAD(P)H and the low pH ambience, the AIE-active supramolecular nanoparticles disassembled and the loaded drug was released, realizing in situ visualization of the drug release by presenting the location and intensity of the FRET-dependent fluorescence. Likewise, this type of tailored AIE-active supramolecular nanoparticles also exhibited good performance in the controlled drug release and real-time monitoring of drug delivery based on AIE and FRET activities (Figure 15) .
The fabrication of pH-responsive supramolecular nanoparticles consisting of a cyanostilbene derivative and water-soluble pillar [5] arene (WP5) with near-infrared emission properties has also been demonstrated by Huang and co-workers (Figure 16) . [113] The synthesized cyanostilbene derivative performed weak emission in its dilute solution, yet upon the increase of concentration, molecular assemblies with nanoribbon structures was formed via π-π stacking, possessing an absorption band in the visible range and relatively stronger red fluorescence. Remarkably, when WP5 was added into the aqueous phosphate-buffered saline buffer solution of the nanoribbons, the morphology of the assemblies changed into nanoparticles and the emission at the wavelength of 665 nm was enhanced intensely (Figure 16b,c) , on account of the host-guest interactions between WP5 and the trimethylammonium groups of the cyanostilbene derivative, and the consequent formation of supramolecular amphiphiles. The pH variation plays an important role in controlling the AIE-active supramolecular nanoparticles since the protonation of carboxylate groups on WP5 and diethylamine moieties on guest molecules would result in the breakage of the host-guest interaction, endowing the nanoparticles with the property of pH-responsiveness. Being irradiated by visible light and emitting NIR fluorescence, this type of water-soluble supramolecular nanoparticles holds considerable potential in pharmaceutical applications such as cell imaging without doing any harm photophysically to the living organisms.
Beside the applications in drug delivery and cell imaging, AIE-active supramolecular nanoparticles have also been under exploration for hazardous ion sensing and removal in a most recent research reported by Wu and co-workers. [114] A novel type of AIEactive supramolecular nanoparticles was constructed for the detection of Hg 2+ based on the coordination between the mercury ions and thymine groups functionalized on the P5 and the host-guest binding of the thymine-substituted copillar [5] arene and ditopic TPE linkers (Figure 17a) . With the presence of Hg 2+ , the host-guest pairs would aggregate into supramolecular polymer and assemble into AIE-active supramolecular nanoparticles in aqueous solution (Hg 2+ -ASNPs) upon the linkage among each single complex. The formation of the particles not only collected Hg 2+ in the solution, but also provides luminescent signals for its existence. Moreover, when Na 2 S was added into the suspension of the Hg 2+ -containing nanoparticles in organic solvent, HgS gradually precipitated, followed by the disassembly of Hg 2+ -ASNPs, thus accomplishing the elimination of metal ions and recycling of the materials (Figure 17b ).
AIE-Active Host-Guest Complexes on Nanosurfaces
After we have discussed the AIE-active materials based on macro cycles with morphologies of supramolecular polymers and supramolecular nanoparticles, another important platform Adv. Optical Mater. 2018, 6, 1800668 Figure 15 . a) Chemical structures and cartoon representations of the building blocks (CB [8] , PEG-Np, and PTPE) and the formation of AIE-active supramolecular nanoparticles from CB [8] , PEG-Np, and PTPE. b) Schematic illustration of the in situ monitored drug delivery. Reproduced with permission. [112] Copyright 2017, American Chemical Society.
www.advopticalmat.de
for the realization of practical functionality lies in the incorporation of inorganic scaffold into the smart AIE-active material constructions, such as metal nanoparticles, mesoporous silica nanoparticles (MSNs), zeolite, and metal organic frameworks (MOFs). Although there have already been researches combining AIEgens with mesoporous silica for fluorescent imaging, [115] or merging host-guest complexes with MSNs or MOFs as nanovalves for drug delivery, [116] [117] [118] the synergistic system of hybrid materials containing both AIE-active elements and macrocyclic components on inorganic surfaces has rarely been attempted.
In 2017, together with the Gao and co-workers, we reported the fabrication of supramolecular nanoassemblies for bacteria detection and antibacterial drug loading, [119] taking advantage of the marriage of MSNs and 1,2-ethanediamine (EDA)-modified polyglycerolmethacrylate (PGEDA), CB [7] , and TPE carboxylate derivatives (TPE-(COOH) 4 ), where the organic parts were anchored onto the MSNs via the method of layer-by-layer self-assembly (Figure 18a) . Amoxicillin (AMO), the antibacterial agent, was first loaded into the pores of MSNs, and then MSN surface was covered by PGEMA polymers. CB [7] was used to interact with PGEDA via ion-dipole interactions to form stable supramolecular networks on the MSN surface and served as releasing switches as well. TPE-(COOH) 4 was finally installed onto the outer shell of the nanoassemblies through electrostatic interactions. When bacteria (E. coli and S. aureus) with negatively charged surface was present, TPE-(COOH) 4 was excluded from the polymer, causing reduction of the fluorescence as an observable signal for the existence of the bacteria (Figure 18c ). On the other hand, upon addition of adamantaneamine (AD), CB [7] was robbed from the PGEDA, leaving the polymer on the MSN surface, making it much easier for AMO to detach from the nanoparticles. So in the whole process, the bacteria induced the fluorescence quenching, while AD triggered the drug release and the antibacterial effects Recently, Yu and co-workers reported another interesting work involving in the construction of multifunctional drug delivery materials containing fluorescent MSNs (FMSNs) as drug carriers with TPE immobilized on the surfaces/pores and benzimidazole (BM) as linkers. β-CD modified ultrasmall CuS nanoparticles were synthesized as the photothermal agent and also the gatekeeper for the nanocarriers (Figure 19a) . [120] DOX was loaded into the pores of the FMSN carriers and interacted with TPE moieties, causing fluorescence quenching by energy transfer from the AIEgens to the ACQ agent DOX. Then CD-CuS was used to encapsulate the drug via host-guest interactions between CD and BM. No pre-release was discovered at pH 7.4. With the pH value being gradually reduced from 7.4, the rate of drug release raised, according to the protonation of BM, the succeeding dissociation of CD and BM groups, and the departure of CD-CuS nanoparticles (Figure 19b ). Apart from the pH variation, NIR irradiation also triggered the DOX release by means of photothermal effects of CuS nanoparticles, of which the produced heat led to the breakage of BM⊂CD host-guest pairs ( Figure 19c ). As DOX was released, fluorescence of TPE groups inside the FMSN pores was turned on once again as an visible indication for the release of the drug (Figure 19d) , so indirectly the host-guest interactions had controlled the states of ON and OFF of the fluorescence by interfering with aggregation conditions of AIEgens. This elaborately-designed drug delivery system with functionalities of cell imaging, thermotherapy and dual-responsiveness could satisfy the on-command release of the drug in accordance with the low pH level in the microenvironment of tumor tissues, exhibiting synergistic therapeutic performances and also the potential for monitorable cancer therapy.
Conclusions and Outlook
Overall, we have summarized the accomplished research works in the sphere of AIE-active systems based on macrocyclic chemistry for smart luminescent materials including AIE-active supramolecular nanocomplexes/polymers, supramolecular nanoparticles and host-guest complexes on surfaces. The examples of research work covered in this review article have comprehensively illustrated the superior performances exhibited by www.advopticalmat.de the marriage of AIEgens and supramolecular macrocyclic compounds in various applications such as solid-state fluorescent materials, fluorescent sensing/probing, cell imaging and drug delivery monitoring. For one thing, the bring-in of the supramolecular macrocycles plays a crucial part in the controllability on both the occurrence of the aggregation and the aggregation modes of the AIEgens assemblies, realizing the manipulation of the emission intensity or the fluorescent color, just as the insertion of a gradual switch into a circuit would adjust the on/off state of the light as well as its brightness. Moreover, the inclusion of the macrocycles enabled the fluorescence enhancement to emerge even in dilute solution without aggregation through restricting the intramolecular rotations of the propellers of AIEgens. For another, the materials with more regular morphologies constructed with the assistance of supramolecular chemistry possess the desired characteristics of both rigidity and reversibility, making them easier for characterization, further functionalization and reproduction. Considering all the desirable features of the tailored AIE-active systems endowed by the introduction of supramolecular macrocycles, the elaborate collaboration between AIEgens and supramolecular building blocks has afforded a number of advantages that other existing AIE-based fluorescent materials do not possess: 1) the stimuliresponsiveness properties of supramolecular chemistry render the conformation and fluorescence of the materials controllable and reversible through the exerting particular external stimuli, according to the inherent nature of noncovalent interactions; 2) the specific recognition of the macrocyclic entities toward various substrates could cause fluorescence change of the AIE moieties, leading to a much broader range of applications, including chemical or biosensing and real-time monitoring in biological systems, as is already covered in the review; 3) comparing with AIEgens in their solid-state (or "aggregated" state), the fluorescent materials fabricated by means of supramolecular host-guest interactions or polymerization not only require lower concentrations of the fluorophores, but also own relatively regular and tunable conformations (or self-assembly structures), which greatly support the further functionality of the materials.
Coming to the issue of functionality, there are several points to be highlighted in the realization of efficacy in specific application orientation. The first point is to adjust the construction scheme according to the "local conditions." Different application backgrounds would require different functioning patterns. For instance, when tunable solid-state luminescent materials are in need, AIE-active supramolecular polymers are one of the most favorable choices due to their high stability in the solidation or gelation state. Besides, another remarkable characteristic of supramolecular polymers is the possibilities to be obtained in their 2D structures, which bear much importance considering the gradually growing trend of yielding thin-layered nanofilms of solid-state fluorescent materials. However, in the case of designing fluorescent drug delivery vehicles, the in vivo ambience intensely demands particular properties of the materials including nice biocompatibility, water-solubility, targeting ability, fluorescent signaling efficiency and load encapsulating/ releasing capacity upon stimuli that would occur in a living organism, such as pH alteration and redox reactions. These necessities, as can be envisioned after scrutiny, lead to the preference for AIE-active supramolecular nanoparticles in this application area. For another point, to achieve the ideal effects of the materials, the sound matching among different monomers or building blocks are of great importance. For example, when the AIEgens are functionalized with guest moieties as arms, the arm chains must bear appropriate length and possess suitable functional groups for exclusive recognition and proper binding affinity with the host molecules and responsiveness for the targeted stimuli. If the arm chains are too long, the aggregation wouldn't be compact enough for AIE to occur; yet if the linkers are too short, the inclusion would not occur effectively, owing to the size-fit principle of host-guest interactions. Finally, the packing modes of the AIEgens in the synergistic systems manipulated by macrocyclic chemistry are of excessive necessity to be investigated and clarified, so as to adjust the luminescent properties through controlling the aggregation states of the fluorophores. As an interesting example, pillararenes had once been functionalized on a cyanostilbene derivative and acted as the host moieties for the formation of supramolecular polymers which could retain AIE properties against photoisomerization of cyanostilbene groups. [121] Providing that the mechanisms behind intriguing phenomenon and the exact packing patterns should be figured out, more elegantly and rationally designed AIE-active supramolecular materials would emerge. Significantly, extensive areas of the relative research also remain in need of in-depth exploration. For instance, Tian and co-workers have endeavored in the investigations on the concept of vibration-induced emission (VIE) and the fabrications of VIE-molecule containing color-tunable fluorescent materials based on host-guest chemistry, which would also initiate the appearance for more novel smart photoluminescent materials. [122] [123] [124] Till now, the research on these AIE-active smart materials incorporated with macrocyclic elements is still at the starting point, though several cases of sophisticated nanosystems with multiple functionalities have been established. It can be anticipated that combining the outstanding fluorescent properties in aggregation state and the unique responsiveness and reversibility of supramolecular macrocyclic chemistry, the application range of this newly developed family of smart materials will be gradually broadened, for example, in the field of optoelectronic utilizations including data storage, information transduction and encryption. We herein expect continual endeavors to be made so that more novel AIE-active smart materials bearing enhanced characteristics should burgeon and bring benefits in broader range of real-world applications.
